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Technical Note No, Instrumentation 135

August, 1953

ROYAL ATRCRAFT ESTABLISHMENT, FARNBOROUGH

A variable inductance acceleration transducer

by

H.K.P. Neubert, Dr.-Ing.

R.A.E. Ref: Instn: 006/10
SUMMARY

The note describes a general purpose varisble inductance accelers-
tion transducer for ranges of + 3g and + 9g. It may be adapted with
minor modifications for ranges up to about + 100g. It has been designed
for use with the carrier bridge amplifiers Types IT.1~5~51 and IT.1-6-51
operating at a carrier frequency of 2,000 ¢/sec. The cut-off frequencies
of the transducer are 70 ¢/scc for the + 3g and 100 ¢/sec for the + 9g
range. Deviation from lincarity of calibration is less than 3% of full
scale and the effect of transverse acceleration is approximately 1.58
for full range acceleraticn spplied in a transverse direction. The gero
shift at elevated temperatures is about + 0.04% per °C and the change in
sensitivity sbout - 0.1% per °C. At an initial inductance level of 70
mH in each coil the average full scale variation in inductance is ¢ 15%&

Design parameters for the bridge resistance values are derived and
plotted for two independent conditions:= (a) freedom from resistive
noise and (b) maximum useful power output from the bridge. The effect
of cable cepacitance and of mutual coupling between the transducer coils
are also discussed,
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1 Introduotion

The aoceleration transducer Type IT.1-22P-31 has been desigred as &
general purpose transducer for the measuremont of vibration and the .
resonance tosting of airoraft on the ground and in flight. The two ranges
of +-3g and + 9g, with cut-off frequencios at 70 o/sec and 100 o/sec
respeotively, will oover the most common magnitudes of vibration amplitudes
and frequenoies in these applications. It is Jesigned for use with a
carrier bridge smplifier and galvanomecter recorder, providing a frequency
range of zero to sbout 100 o/sec. The transducer contains two pushepull
: varisble inductances which are connected to form two adjacent arms in the
: bridge circuit of the amplifier. The ocarrier bridge amplifier Type IT.1=5
f and IT.1-6=51 contain two electrical integrating steges, so that whon used
. with these amplifiers the transducer may be uscd for the measurement of
r vibration amplitudes.

2 Degeription
The conatruction of the transducer is shown in Fig 1. PFig 2a shows
a photograph of the complete instrument and Fig 2b an exploded transducer.
It oconsists essentially of an armsture sub-agsembly situated and
. :appropriately spaced between two identical ooil sub-assemblies. The
armature and coil sub-assemblies are housed in a rigid body. The armature
subeasgearbly consists of a bar-shaped ferro-magnetic armature suspended by
two leaf springs which are soldered to the armature end a supporting ring.
A coil sub~assembly comprises an E-shaped ferro-magnetic core with a coil
of 1,200 turns of Lewmex wire of 46 S.W.G. The ferro-magnetic material
i is either ferro-nickel laminations or Ferroxcube III. Core and coil are .
moulded into a dural cup with a polyester resin (Marco Resin), which
polymerises at room temperature. The free surfaces of the legs of the
core are flush with the top of the oup and the resin. The initial air
gap betwoen armature and E-core on both sides of the armature may then be

adjusted to the required value by means of copper shims of appropriate
thickness. '

v S s 5 7o

e s

If ecceleration is applied in the working direction of the

: transducer, i.e, in the direction of the long axis of the transducer
housing, the armature will defleoct, thus changing the airgaps

in the magnetic oircuits of the coils in a pushvpull manner, and

& push~pull variation of inductance in the two 'coils will result. The

i terminals of the two coils arc comneoted to a three cored cable which is
¥ cleated to thc housing. ‘ :

] The transducer housing is filled with demping oil of the appropriate
} viscosity end sealed with rubber washers and a ring nut. At one end of

the housing an dil expansion chambor is provided to avoid oil leakages at
elevatcd ambient temperatures,

The overall size of the transducer is 1.9 x 1.42 x 1,13 inches; its
weight (without cable) is 3 cunces. The detachable base has two fixing
holes for 4 BA screws separated by 1.16 inches.

3 Meohspicel charectoristios
3.1 Range snd Jinearity ~

g The standard ranges being mamufactured at present are & 3z and ¢+ 9.
Other ranges may be made by using springs of a different thickness or
material, It is expeoted that in this way ranges from + 3g to sbout

+ 100g may be obtained. - : : '

Within its range the oalibration ourve is linear within 3% of full
soale, Fig 3 shows a typioal oalibration ourve for a transducer of range
+ 9. The goatter in the slopes of the calibration ourves (i.e. in
scnsitivity) of a batoh of transducers is not greater than 104

-3-
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If the acceleration transducer is used to measure displacement
(vibration smplitude) oare has to be taken not to exceed the range of the
transducer, as outaide the range thc non-lincarity rapidly inoreases. Care

- has also to be taken to engure that a reasonable fraction of the range is
being used, 2s, in common with all other instruments, the transducer cannot
be expeoted to give ths samc sbsolute accuracy for a small {raoction of its
range aa for its full range. Taking thc useblc range of the transducer

as from O.1.times full range to full range, the upper and lower limits

of amplitude at various frequencies are as given in Fig 4. For example,

at 10 ¢/sec the + 3g transducer may be used in the amplitude range 0,03 to
0.3 inohes, and the ¢+ 9g transducer in the amplitude range 0.1 to 1 inoh,

3.2 W

With a filling of silicone demping oil of viscosity 20 centistokes
the damping ratio of the + 9g acccleration transduccr is approximately 60%
of oritical damping at room tempcraturc. Fig 5 shows typical frequency
response curves of transducers for + 9g and + 3g ranges with damping
adJusted to this value., However it should be born in mind that, although
the viscbsity of silicone oil is relatively independent of temperature, in
extreme cases the variation of viscosity with temperature may be apprecisble.
Pig 6 shows the damping ratios of the transducer, computed from the visoosity
~temperature characteristics of the oil, the nominal demping ratio of 0.6
‘being adjusted at + 25°C. Near room temperature the variation is spproxi-
‘mately = 2.28 of the nominal damping ratio per °C.

3.3 Iransverse senaitivity

If aoceleration is applied in a direction perpendicular to the working
axis of the transducer, an error signal will result. To investigate the
magnitude of this effect three transducers of + 9g range have been
subJected to transverese accelerations of plus and minus 9g to produce
campression or tension ond edgewise shear in their armature springs. The
results (in terms of percentage of full scale) are given in Table I.

Eexor signals (in perdentage of full scale) for

+ 9g epplied in transverse direotion

S p————
No. of transducers 145 m 209
Compression or tension
in springs : 1.4 1.8 1.3
1

Edgewise shear in |
593'1581 L o '1"5 ! 1‘5 ’ 10"‘

These figures (giving an'average transverse sensitivity of approximately
0.15% per cne transverse g applied) will produce .o :apprecisble error in
the majority of applications. Very similar values have been meagured for
2 transducer of + 3g range, if + 3g acccleration is applied in & tramsverse
gdreotion,

24 t‘maln achaitivity N

¥

A change in the tamperature of a transducer may result in two effects:

éa) Variation of szero setting under the nosload condition.
sero=1ift) ‘ o '

(b) Variation of slogo of tha oslibration ourve (variation in
sensitivity) ' 4 . -
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Both effects miy be investigated under steady thermal oonditions
when there is temperature equilibrium in all perts of the transducer, or
under oonditions of a temperature impact when there is a temperature
gradient in the transducer. The behaviocur of this transduocer in the
latter condition has not been investigated thoroughly, as it is assumed
that in the majority of cases the transducer will be used under oonditions
of temperature equilibrium. As long as equilibrium is not reached, a
temperature gradient will oxist inside the transducer, the distribution
and magnitude of which will depend on time, heat capacity of the
surroundings (especially of the structure the transducer is fixed to),
and on the magnitude of the temperature impact. Results, therefore, will
be of a very limited value.

(a) Zepo shift

Table II gives the zero shift error in percentage of full scale
per °C at temperature equilibrium, caloulated from an experimental
temperature rise of about 30°C.

(b) Yariation in sensitivity
Table II also gives the variation in sensitivity in percentege of

full scale per C at equilibrium temperature caloulated from an
experimental temperature rise of about 30°C.

Table II
Temperature errox r e c tio
for - 9g trangducer
No. of transducers 145 177 209

Zero shift error in
% full scale per °C +0.04 | +0.05 | +0.05

Variation in

| L‘“;‘Riﬁt’.’éufm’ -0.085 | =0.21 | =0.085

| per °C i

& E characteristic

The transducer when in use forms two adjacent arms of an A.C. bridge
cirouit energised by an nltermating voltage of 10 volts R.M.S. at 2,000
c/sec. The other two arms of the bridge are two resistances R (1,000
olms each in the smplifiers referred to). The bridge ocut-of-balance
voltage is applied through a transfommer of primary resistance Ry (2,000
olms in the same amplifier) to. a band-pass smplifior, phase sensitive
detector, and suitable galvanometer recorder. At present the transducer
is mainly used with amplifier Type IT.1-5-51 and power unit type IT.1-6-51,
but any other equipment may be used if the electricel characteristics of
the transducer are suitable.

&1 t 17%)

The wvector disgram of the impedance of one typical transducer coil
at various frequencies is ahown in Fig 7a. The series inductance L and
series loss resistance Rg with a three=oored csble of 2' 6" length
attached to the transducer have beon measured under mechanical no-load
oonditions., In the course of development of the transduoer the magnetic
material of the core and armature was changed from Radio metal, in

-5-
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laminations of 0.004 inch thickneas, to Perroxcube III; due to the
relatively large airgap no npprecisble change in inductance resulted. In
Fig 7a impedance values for Radio metal cores and armature are plotted
for camparison.

Also, at a carrier frequency of 2,000 o/sec the airgap of the
magnetic ocircuit of the coil was varied by + O.1mm and + 0.2m. The
corresponding impedances are plotted in Fig 7. It is seen that they
lie on a straight line almost parallel to the impedance charscteristic
of Fig 7a, but the non=linear behaviour of the impedamce variations
for these large deflections is obvious.

The storage factor Q = wl/Rg of the coil is represented by the

tangent of the angle ¢ between the real axis and a vector to any point
on the curve.

Pig 8 gives the variation of inductance L and storage factor Q
at 2,000 o/sec of o transducer coil for a varisble airgap ¢ between
core and armature. For a full scale working deflection of the armature
of about + 0.07mm or + 0.003 inch, the average percentage change in
inductance is nbout ¢ 5% of an initial inductance of 70 mH at an initial

airgap of 0.24, mm or almost 0.01 inch. The storage factor Q varies
between about 4.5 and 6,

4.2 CQurrept gepaitivity

It has been shomn'! that the output current I, of an A.C. bridge
circuit containing a variable inductance pushepull transducer after phase
sensitive rectification which rejects the quadrature compon.nt, is

cex. vy 2Wu W , ,
Ip=k vim("'z nsuu.) (1)

where

Vi = bridge energising voltage in volts

Rp = load resistance of bridge (2,000 olms)

v =R8(38+R+ZBT)-02142

W, = wL(2Rg+ R+ 2Ry)

R = presistance of ratio arm (1,000 ohms)

L = gseries induwotance of ocoil in Henrys

Rg = series loss resistance of ooil in olma

AL = variation of inductance due to acoeleration
ARq = variation of loss resistance due to acceleration

@ = 2x x oarrier frequency (2% 2,000 uc'1)

k = oonstant, depending on amplifiocation with dimensions
' of a oonduoctance,

The parsmeters of the transducer, dependent on the applied
scoeleraticn, are ARg snd AL. For canstant mmplification and imput
‘voltage the overall ourrent sensitivity of the bridge to a change in

“ 6w

or
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inductance is govorned by (Rp W, w)/(W§ + '5) and the relative contribu-

tion of a change in loss resistance by W./(W, w). These two factors are
plotted in Fig 9a and %, relative to their values at 2,000 o/sec. The
first factor shows a flat maximum at about 2,300 o/sec, and at this
frequency the seocond factor is sero, i.,e. the loss resistance (or eny
other variable resistance in the transducer cirouit) does not contribute

to the sensitivity. It can be shown, that these two conditions exist
when W1 = 0,

The characteristics of the transducer and bridge oirocuit are thus
such that the combination is operated very near the condition of maximum
current sensitivity, and the contribution of loss resistance is very
nearly sero. This later property is desirable as ARg is likely to have
a relatively high resistive noise level.

The curve already considered in Fig 9a and 9 are derived for a
constant input voltage to the bridge. As the impedance of the transducer
coil increases with frequenoy the bridge energising voltage may be
increased proportionally, maintaining a fixed value of current in the
tranaducer coils, providcd that the higher current in the ratio arms of
the bridge can be tolerated. In this case the output ocurrent for change
in inductance is proportional to (Rp Wy wé)/( T w%). This factor is
plotted against frequency in Fig 9a as a dotted curve. It shows a
contimious increase with frequency as expected,

4.3 DPower sensitivity {m_a_tcgng)
Prom equation (1) the power output from the demodulator is

= V2 Ry Wau? /W, )2
PO Viw<mARs¢AL .

The power output due to change in inductance only, i.e, when Wy ia
made gero, is

P

/ aL\ 2
°'v§'(2ﬁs+?+2%)2'\%> )

When V4 and AL/L are considered fixed, the maximum power output
ocours when

Bp = Rg + R/2 .

Combining this result with the results of the preceding seotion, we

have two conditions for the optimm design of the transduoer and ita
assooiated bridge oircuit.
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(a) for freedom from resistive noise
w? 12 = By (Rg + R + 2 Ry)
(v) for maximum useful power output
Rg = Ry = R/2

The usual approach is to design the transducer on the basis of
other necessary conditions, as size etc. and then select the bridge
parameters to satiasfy the present conditions. From these the bridge
parameters R and Rp are given by

R =40 IQ (1=~ 34Q%)
Rp =39 1A (1 + 1/Q?)

when qQ = UI/RS

The ratio R/Rp depends only on Q and is given by

RfRg = 208%=3)
1

Q-+

In Fig 10 the values of Ry/lL and in Fig 11 those of R/Bp are
plotted against Q . For large values of § we have R/Rpe 2. for
values of Q < Y3 no value of R/Rp exists.

L., BEffect of mutual coupling between tranpducer coils

This general problem has been considered elsewhere!. Applying
these results to the present case, it may be shown that the mutual
coupling between the two transducer coils is small and has only about a 2%
effect on the sensitivity.

4.5 Bffect of osble capacitance

It can be shown! that the fractional change of inductance with a
capacitance C in parallel with the transducer coil is

o !LC.%

i.e, below the electrical resonance conditions, which is usually the case
in practioce, the sensitivity of an induoctance transducer incresses with
the capacitance connected in parallel with its coil,

For a typical transducer ocil with a oeble 100 yarda long oconnected
to it we have
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L=6 md at 2,000 o/sec
C = 0.005 uF
w = 2%2,000 sec™}

i.e. an increase in sensitivity of 5%. This has been verified experimentally
in the present case.
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